v-In view of a growing interest in the resuscitative use of hypertonic saline solutions, the authors have examined the cerebral effects of isovolemic hemodilution carried out over 1 hour (hematocrit decreased from 40% to 20%, stable arterial and right arterial pressures), using a hypertonic lactated Ringer's solution (HT-LR: Na § 252 mEq/liter, osmolality 480 mOsm/liter). Experiments were carried out in anesthetized ventilated rabbits. Measured variables included cerebral blood flow (using the H2 clearance method), intracranial pressure (ICP), the electroencephalogram, spinal cord and skeletal muscle water content (%H20), and the specific gravity of small (10-to 30-mg) tissue samples taken from different areas of the left hemisphere (including the cortex, thalamus, internal capsule, and hippocampus). The changes produced by HT-LR were compared with those seen in both undiluted control animals and in rabbits hemodiluted with normal saline (Na + 155 mEq/ liter, osmolality 310 mOsm/liter). The results demonstrate that hemodilution with HT-LR leads to the expected increases in serum Na + and osmolality (158 +_ 6 mEq/liter and 320 _+ 5 mOsm/kg, respectively, mean _+ standard deviation) and that these were accompanied by reductions in the %H20 of all cerebral and extracerebral tissues, increases in the specific gravity of all tissue regions studied, and a decrease in ICP ( 1.9 _+ 0.7 mm Hg). By contrast, rabbits with hemodilution by normal saline showed no changes in either %H20 or specific gravity, but had significant increases in ICP (3.3 4-1.3 mm Hg). Cerebral blood flow increased in all animals hemodiluted with either HT-LR or normal saline by a combined average of +29 ml/100 gm/min.
T HERE has been a recent resurgence of interest in the use of hypertonic crystalloid solutions for volume resuscitation and/or replacement following acute traumatic or intraoperative blood loss.LS.J ~.,4 However, the neurophysiological consequences of such hypertonic saline solutions have not been well studied. ~6 Because the use of such fluids for resuscitative purposes in head-injured patients can be expected, we have carried out a preliminary study in rabbits, examining the effects of a hypertonic lactated Ringer's solution (HT-LR) ~ on several cerebral physiological parameters, including intracranial pressure (ICP), cerebral blood flow (CBF), and both cerebral and spinal cord water contents. These experiments were performed using an isovolemic hemodilution model, and the results obtained in animals given HT-LR were compared with those obtained in animals hemodiluted with normal saline (NS) and with undiluted controls.
Materials and Methods
Male White New Zealand rabbits, each weighing approximately 3 kg, were used for this study. Anesthesia was induced with 50 mg of intravenous thiopental, followed by 4% halothane in oxygen given by mask. The trachea was intubated with a cuffed endotracheal tube (3 mm in inner diameter), muscle paralysis was instituted with pancuronium bromide (1 rag), and mechanical ventilation was begun (VT = 12 ml/kg, 30 breaths/minutes) using an inspired gas mixture of 0.5% halothane and 50% N20 in 02. Normocarbia (PaCO2 37 to 41 mm Hg) was maintained by adding CO2 to the inspired gases, and esophageal temperature was kept at 37* to 38"C, using a servo-controlled heating lamp.* All surgical sites were infiltrated with 0.25% bupivacaine. Polyethylene-90 catheters were placed into both femoral arteries (and advanced into the abdominal aorta) and into the right atrium via a femoral vein (with the position confirmed by monitoring the pressure trace during pullback from the right ventricle).
The animal was then turned to the prone position, and the head was fixed in a stereotaxic frame,t with the interaural line approximately 12 cm above the table. A midline scalp incision was performed (after bupivacaine infiltration) and a 2-ram diameter burr hole was drilled 5 mm to the right of the midline and 5 mm posterior to the coronal suture, for placement of a CBF recording electrode (see below). To permit the measurement of ICP, a No. 19 needle was inserted into the cisterna magna after surgical exposure of the atlanto-occipital membrane. Lastly, a single-channel electroencephalogram was recorded from biparietal subcutaneous needle electrodes. Monitored variables in each animal consisted of arterial pressure (BP), right atrial pressure (RAP), ICP, expired CO2, heart rate, and the electroencephalogram (EEG). All pressures are reported as electrical means, and both the ICP and BP transducers were zeroed at head level to permit accurate calculation of cerebral perfusion pressure (CPP = BP -ICP). Arterial blood was drawn for determination of pH, PaO2, and PaCO2 as well as for the measurement of hematocrit, serum Na § and K + (by flame photometry), and osmolality (freezing-point depression).
Cerebral blood flow was measured by the H2-clearance technique.~7 A 250-um platinum alloy needle was sterotaxically inserted through the dura and 2.5mm into the cortex via the previously drilled right parietal burr hole and a Ag-AgC12 reference electrode was inserted into the exposed muscles of the neck. Four percent to 5 % H2 was added to the inspired gas mixture and maintained until electrode output was stable. The CBF was calculated by the T 89 method, 7 after discarding the initial 36 seconds of the washout curve, a time sufficient for arterial H2 concentration to decrease to less than 5% of saturation levels.
After preparations were completed, baseline data were recorded (including the CBF) and the animals assigned to one of three groups. In both hemodilution groups, hematocrit was progressively reduced from baseline values of 41% _+ 1% (mean + standard deviation) to 20% + 1% over 1 hour by the steady removal of arterial blood with a roller pump. Isovolemia was maintained by the simultaneous intravenous infusion of either hypertonic lactated Ringer's solution (HT-LR, fluid composition: Na + 252 mEq/liter, CI-160 mEq/ liter, K § 4 mEq/liter, lactate 70 mEq/liter, Ca ++ 3 mEq/ liter, osmolality 480 mOsm/liter) ~ in six rabbits or NS * Servo-controlled heating lamp manufactured by Yellow Springs Instrument Co., P.O. Box 279, Yellow Springs, Ohio.
t Stereotaxic frame manufactured by David Kopf Instruments, 7324 Elmo Street, Tujunga, California. in six rabbits, both given in amounts sufficient to maintain BP and RAP at baseline values. Expired CO2 and temperatures were maintained at baseline values throughout, and hemodynamic data, ICP, arterial blood gases, and hematocrit were recorded at 15-minute intervals. Six control animals were not hemodiluted, but received only maintenance lactated Ringer's solution (3 ml/kg/hr) for 1 hour.
Upon completion of the 1-hour study period, a final set of data were obtained (including CBF and serum electrolytes/osmolality), following which the animals were heparinized and sacrificed by rapid exsanguination (1 to 2 minutes) via all vascular catheters. This was performed in the head-up posture to minimize the amount of residual blood in the cerebral vasculature. Catheters were removed, the carcass was weighed (along with shed blood), the brain was quickly removed, and the cerebral hemispheres were separated. The right hemisphere was placed in a preweighed vial and its water content determined by the wet-dry difference method after drying at 800C for 72 hours. The left hemisphere was rapidly immersed in cold (4~ kerosene and, after 10 minutes, tissue samples (approximately 10 to 30 mg) were dissected from nine regions: frontal, parietal, and occipital cortical gray matter; frontal, parietal, and occipital subcortical white matter; and dorsal hippocampus, thalamus, and internal capsule. The specific gravity (SG) of each sample was determined using the microgravimetric method developed by Nelson, et al., 7 which employs a linear kerosenebromobenzene density gradient calibrated with K2SO4 standards. 5"7"j2 A sample of thoracic spinal cord was also obtained, and both its water content (wet-dry weights) and SG (microgravimetry) were determined as above. Finally, the water content of a sample of skeletal muscle from the left flank (left lumbar paravertebral) was also measured by the wet-dry method, as an assessment of peripheral tissue edema formation.
Statistical comparisons of data obtained at 1 hour versus baseline employed a paired t-test while intergroup comparisons employed an analysis of variance, followed by Bonferoni corrected unpaired t-tests. A p value of < 0.05 was considered significant.
Results
Experimental results are summarized in Tables 1 and  2 . There were no intergroup differences in baseline values (Table 1 ). There were also no changes in recorded dynamic parameters in control animals (baseline versus 1 hour, Table 1 ) except for a 0.8 + 0.8 mm Hg increase in ICP. The isovolemic nature of the hemodilution protocol in the NS and HT-LR groups was verified by the lack of significant changes in either BP or RAP, and at no time were there significant changes in either PaO2 or PaCO2 (not shown). However, animals hemodiluted with NS developed a moderate metabolic acidosis (1 hour mean pH was 7.25, p < 0.05) during the study period. As expected, hemodilution with HT-LR resulted in significant increases in both serum Na § concentrations and osmolality (at 1 hour mean Na § was 158 mEq/liter and mean osmolality 320 mOsm/ kg). There were no changes in the EEG in any group. Acute hemodilution in both NS and HT-LR groups resulted in significant increases in measured CBF (Table  1) . However, in animals receiving NS, this CBF increase was accompanied by a 3.3 + 1.3 mm Hg increase in ICP, which differed significantly from the 1.9 + 0.7 mm Hg decrease seen in HT-LR rabbits.
Data on SG and directly measured water content are presented in Table 2 . No changes were seen in animals receiving NS (versus the control group), but increases in SG and reductions in water content were noted in all measured tissues in rabbits receiving HT-LR (versus both the control and NS groups). There were small but significant intergroup differences (NS versus HT-LR) in both the volume of fluid required and changes in body weight. The weight changes were roughly proportional to differences in net fluid balance, but greater accuracy was not possible with the available scale.
Discussion
As noted, there is a growing interest in the use of hypernatremic/hypertonic crystalloid solutions for intravascular volume replacement and/or maintenance, * All values are mean + standard deviation. LR = lactated Ringer's solution. Specific gravity data were obtained from right hemispheric samples. Cortical gray and white matter values are a composite of samples taken from frontal, parietal, and occipital areas. Water content data (expressed as % water) obtained by wet-dry differences. Because of insensitivities in the available balance, body weight values cannot be used for strict balance data, but serve only as a relative index of weight change. t P < 0.05 hypertonic-LR vs. control. p < 0.05 hypertonic-LR vs. normal saline.
particularly during major surgery? "~~ ).)4 Circulatory homeostasis can be restored with smaller total fluid volumes as compared with isotonic crystalloid solutions, and their use may be associated with better myocardial function as well as lower pulmonary artery pressures and systemic reistance. 1.2,s These properties, when combined with low cost and long shelf-life, make hypertonic saline solutions attractive for use during either hospital or field-based resuscitation following major trauma, as well as intraoperatively. One potentially complicating factor, however, is the fact that many trauma patients have also suffered major neurological injuries, and the cerebral effects of these solutions have not been well studied. It is known that severe hypernatremia can lead to neurological abnormalities ranging from confusion to coma, 4'9"13 as well as to increases in blood-brain barrier permeability, ]0 and excessive acute cerebral dehydration can lead to intracranial hemorrhage. However, neurological dysfunction has not proven to be a problem during the elective surgical use of hypertonic solutions, at least when serum osmolality remained below 320 mOsm/kg? ~ Furthermore, hyperosmolar therapy with compounds such as mannitol is commonly instituted following head injury. There is, thus, no a priori reason to believe that the judicious use of hypertonic saline solutions should be contraindicated in the head-injured patient. However, more concrete data are needed before widespread clinical use of such solutions is undertaken. The experiments described do not answer all of the potential questions and/or objections regarding the resuscitative use of hypertonic sodium solutions. The work was performed in neurologically normal animals, and, hence, the results may not extend to injured subjects. Furthermore, an isovolemic hemodilution model was chosen rather than a hemorrhagic shock protocol. This approach was intentionally employed to eliminate the effects of intercurrent ischemia on cerebral water content. These latter factors should not detract from the validity of the work, since most trauma patients do not incur hemorrhage-related cerebral ischemic insults, and volume resuscitation commonly leads to a significant degree of hemodilution. However, further work is obviously needed before the results can be extrapolated to animals with injured brains.
The results obtained with HT-LR are not unexpected. The acute increases in serum Na + and osmolality were associated with significant increases in the SG of all sampled brain and spinal cord areas, reflecting decreases in directly measured water content of brain, spinal cord, and muscle. By contrast, hemodilution with normal saline was not associated with changes in SG or water content, but did lead to an increase in ICP, a change that was possibly related to the measured increase in CBF (and hence cerebral blood volume). This CBF increase with hemodilution has been noted previously. 36 It presumably occurs in response to the reduction in arterial 02 content and perhaps to viscosity changes. These were also noted in the HT-LR animals, but the mean reduction in ICP with HT-LR (-1.9 mm Hg) in the face of an increase in CBF serves to emphasize the magnitude of cerebral dehydration produced by this compound. It should be noted that these ICP changes were obtained in animals with normally compliant intracranial spaces. If compliance were reduced (such as due to a mass lesion), even greater ICP changes might be noted.
These results must clearly be interpreted (and extrapolated) with caution. Nevertheless, they suggest that HT-LR administration may have some advantages over isotonic fluids in terms of ICP and brain water content (as well as peripheral edema formation). This advantage may be even greater in view of the observed increase in CBF noted with HT-LR. Such a combination (increased CBF, and reduced ICP and water content) may result in improved tissue 02 delivery, a change of particular value if it can be demonstrated in the face of a neurological injury or following severe shock.
